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Physical Activity Reduces Cardiovascular Risk
Epidemiological evidence demonstrates that higher levels of physical activity are associated with reduced cardiovascular disease in healthy and diseased populations (30, 41, 45, 53) . Interestingly, this inverse association is not entirely explained by activity-associated reductions of established or emerging cardiovascular risk factors (inflammatory markers, blood pressure, etc.) since ϳ40% of this relationship is unaccounted for after adjustment for these factors (41) . Furthermore, physical activity is associated with reduced all-cause (39, 55) and cardiovascular mortality (49) across sex, age, and race/ethnicity. Lastly, in the context of disease, long-term, follow-up studies have reported this inverse relationship across a range of body mass indexes, including patients with obesity (11) and in patients with type 2 diabetes (30, 52) , highlighting an indispensable role of physical activity to reduce cardiovascular risk.
The mechanism(s) underlying the substantive risk reduction by physical activity not accounted for by the improvement in traditional systemic risk factors has garnered much attention. In general, these investigations have focused on local mechanisms including hemodynamics/shear stress, stem cell mobilization, arterial stiffening/remodeling, and collateral vessel growth, among others [see reviews (37, 47) ]. Indeed, local hemodynamic forces during exercise have been shown to promote a healthy endothelial cell phenotype and improve vascular function [see reviews (36, 37, 44) ]. While this concept has been well established experimentally, a less often-discussed concept is whether basal local hemodynamics confer differential protection or vulnerability of the endothelium to dysfunction and disease. Thus this conceptually focused review will specifically address 1) evidence that skeletal muscle recruitment patterns and resulting local hemodynamics during activity/exercise dictate differential endothelial cell phenotypes among muscle vasculatures (2, 3, 36) and 2) whether these differential phenotypes contribute to the nonuniform development of endothelial dysfunction within and among skeletal muscles and ultimately impaired muscle perfusion and exercise intolerance in obesity. It should be noted that the latter concept, while based on experimentally derived evidence, remains somewhat speculative, and thus we propose a conceptual framework intended to reconcile currently available information.
Muscle Recruitment and Hemodynamics During Activity/ Exercise
Classically, activity/exercise-induced muscle recruitment with attendant elevations in skeletal muscle blood flow follows a characteristic pattern. Specifically, slow-twitch, oxidative muscle fibers are activated at lower intensities with increasing recruitment of fast-twitch, glycolytic fibers as intensity increases to maximal oxygen consumption. The heterogeneous fiber-type composition of mammalian skeletal muscle thereby results in heterogeneous blood flows within skeletal muscle at rest and during activity/exercise. An exception to this occurs in the rat that has more extreme skeletal muscle fiber-type stratification, allowing examination of fiber type-specific effects on blood flow and vascular function (2, 3) . In particular, a comparison of the soleus and gastrocnemius muscle vasculatures offer such insight with regard to slow-twitch, oxidative (soleus) and fast-twitch, glycolytic (gastrocnemius) fiber types. The rat soleus muscle is 80 -90% slow-twitch fibers, whereas the rat gastrocnemius is Ͼ75% fast-twitch fibers (3). Determination of skeletal muscle blood flow during standing and increasing exercise intensities in the rat has been previously performed using the microsphere technique ( Fig. 1) (35) . These data demonstrated that during standing blood flow to the primarily slow-twitch, soleus muscle is two-to fourfold greater than that to the fast-twitch, gastrocnemius muscle (35) . During treadmill exercise, soleus blood flow increased ϳ60%, whereas gastrocnemius muscle blood flow increased ϳ400% (35) . These blood flow patterns reflect the integration of musclefiber recruitment patterns and fiber-type makeup of each muscle in that the soleus is near maximally recruited as a postural muscle during standing, whereas the gastrocnemius is heavily recruited during increasing exercise intensities. In rats exposed only to ambulatory-caged activity, arteries perfusing the soleus muscle therefore experience regular increases in blood flow and shear stress. Conversely, arteries perfusing the gastrocnemius muscle experience chronic exposure to relatively low blood flow and shear stress. Thus the vasculatures perfusing these muscles experience dramatically different hemodynamic environments in response to daily ambulatory activity.
Further studies have established that the soleus, but not gastrocnemius, vasculature exhibits an exercise training-like endothelial phenotype under basal conditions in the rat. Specifically, the soleus feed artery (SFA) did not exhibit enhanced endothelium-dependent vasodilation or endothelial nitric oxide (NO) synthase (eNOS) expression in response to exercise training (27) . Prevention of soleus recruitment by hindlimb unweighting or reduced activity in aging, however, resulted in reduced endothelium-dependent vasodilation and eNOS expression (58, 59) . This is in opposition to the gastrocnemius feed artery (GFA) that exhibits increased eNOS expression following exercise training and no change in endothelium-dependent vasodilation or eNOS expression following hindlimb unweighting (38, 59) . Thus the GFA appears to exhibit an untrained endothelial phenotype. Together, these data demonstrate that the SFA and GFA exhibit fundamentally different endothelial cell phenotypes in healthy animals and that these phenotypes are dictated, in part, by the prevailing local hemodynamic environments induced by daily activity and muscle-fiber recruitment/activity.
Local Variation in Vulnerability to Obesity-Related Endothelial Dysfunction
A number of studies have reported nonuniform development of endothelial dysfunction in various animal models of obesity, insulin resistance, and diabetes (8, 26, 42, 54, 64) . Assuming that all vascular endothelium is exposed similarly to the prevailing comorbidities associated with these disease states (i.e., blood concentrations of glucose, inflammatory markers, etc.), the differential onset of endothelial dysfunction likely involves disparate influences of local factors such as the local hemodynamic environment, as discussed above. While microvascular dysfunction is a known early defect in obesity-related cardiovascular disease (56), these differences in onset of dysfunction have been reported in both conduit vessels and the microcirculation. For instance, the Otsuka Long-Evans Tokushima fatty (OLETF) rat model of insulin resistance exhibits delayed onset of endothelial dysfunction in the carotid artery compared with the aorta (64) . In the Zucker obese (ZO) rat model of insulin resistance at 17 to 18 wk of age, penile arterioles develop endothelial dysfunction not present in coronary arterioles (54) . Fig. 1 . Blood flows to soleus and gastrocnemius (Gastroc) muscles in the rat at rest (standing) and during treadmill exercise. Blood flows to the mixed slow-twitch/fast-twitch, the predominately fast-twitch white, and predominately fast-twitch red portions of the gastrocnemius were determined individually. Adapted from Laughlin and Armstrong (35) .
Coronary arteriolar endothelial dysfunction does ultimately occur in older ZO rats, however, demonstrating a limit to the reduced vulnerability of this vasculature (7, 42) . A role for fundamental differences in endothelial phenotype between the vascular beds interrogated in these particular studies is unclear, and whether any potential difference in phenotype contributed to the disparate development of dysfunction was not examined. The evidence and thorough characterization of differences in endothelial phenotype discussed above regarding the rat SFA and GFA, however, present a novel experiment in nature whereby these differences can be exploited to examine their role in modifying endothelial vulnerability to dysfunction. Furthermore, examination of skeletal muscle feed artery function in disease is relevant to downstream muscle perfusion and function since the feed artery is an important contributor to muscle blood flow regulation (57) .
We recently addressed this question of whether the fundamental difference in endothelial phenotype between the SFA and GFA might lead to differential vulnerability of these vessels to obesity-related endothelial dysfunction (8) . Specifically, we hypothesized that the SFA, not the GFA, would be protected from dysfunction based on its apparent exercise training-like phenotype. If so, we further explored whether increased physical activity via access to a running wheel would prevent dysfunction in the GFA. This question was explored in SFA and GFA from OLETF rats, a model of obesity and type 2 diabetes, compared with Long-Evans Tokushima Otsuka (LETO) lean control rats. Overall, our results supported this hypothesis in that the GFA, but not the SFA, from OLETF rats exhibited impaired endothelium-dependent vasodilation ( Fig. 2A ) and enhanced constriction to the endothelium-derived vasoconstrictor endothelin-1 (8) . Interestingly, whereas endotheliumdependent vasodilation to acetylcholine (ACh) was not impaired in the SFA from obese rats, our data suggest that the mechanism of this vasodilation is altered by obesity. Specifically, the NO synthase (NOS)-dependent component of SFA dilation to ACh, assessed by NOS blockade with N G -nitro-Larginine methyl ester, was increased in OLETF rats due, in part, to increased smooth muscle NO sensitivity, assessed by vasodilation to the NO donor sodium nitroprusside (8) . This contrasts the GFA in which NOS blockade eliminated differences between OLETF and LETO with no difference in sodium nitroprusside vasodilation but a potential decrease in eNOS Ser1177 phosphorylation (Fig. 2B) , indicating an obesity-associated reduction of NO bioavailability in this vessel. It remains unclear whether the mechanistic shift underlying endothelium-dependent vasodilation in the SFA represents an early compensated vascular dysfunction. Nonetheless, these data demonstrate a fundamental difference in the vulnerability of these vessels to develop obesityrelated endothelial dysfunction.
In light of this differential vulnerability, we explored whether spontaneous activity on running wheels to elicit recruitment of the fast-twitch, gastrocnemius muscle would prevent the development of GFA dysfunction in the OLETF rat. The OLETF rat is a unique model of obesity and diabetes, compared with other similar animal models, in that it displays high levels of spontaneous activity on running wheels (50) . Indeed, in our study, OLETF rats ran ϳ8 km/day for an average of ϳ4 h/day of activity, and this activity prevented endothelial dysfunction in the GFA ( Fig. 2A) (8) . Recruitment of the gastrocnemius by wheel running was confirmed by a 32% increase of citrate synthase activity in the red portion of this muscle (8, 10) . Similarly, a follow-up study demonstrated that endurance and interval sprint training also improved endothelium-dependent vasodilation in the GFA as well as downstream arterioles, but not in the SFA (Fig. 3) (40) . Thus wheel running and exercise training with resultant recruitment of the gastrocnemius muscle are sufficient to prevent obesity-associated endothelial dysfunction in this vasculature, further supporting the importance of physical activity and, in particular, the resulting local hemodynamic environment in skeletal muscle as a mediator of endothelial health, as reflected in measures of endothelium-dependent vasodilation. In support of a protective role for local hemodynamics, a recent study in healthy subjects and patients with type 2 diabetes demonstrated that increased brachial artery blood flow and shear rate (induced by forearm heating) are sufficient to prevent acute hyperglycemiainduced attenuation of endothelium-dependent, flow-mediated vasodilation (24) .
Recent evidence in humans and animals has shed further insight into the regulation of endothelial phenotype by physical activity. In particular, several studies have delineated the time course of the endothelial benefit of physical activity and agree that even a short (i.e., several day) hiatus from adequate physical activity leads to impaired endothelial function and a likely reduction in endothelial protection. Specifically, in rats, endothelial function was improved for ϳ2 days following a single bout of acute exercise, and this improvement was prolonged to ϳ4 days following 6 wk of exercise training (25) . This is consistent with recent evidence in healthy human subjects, demonstrating that transitioning from high (aerobic exercise 3ϩ days/wk and 10,000 steps/day) to low (no planned exercise and Ͻ5,000 steps/day) physical activity for 5 days reduced flow-mediated (i.e., endothelium dependent) dilation of the popliteal, but not brachial, artery by more than half (9) . Taken together, physical activity-induced improvements in endothelial phenotype are relatively short lived in healthy subjects, and a certain level of physical activity is necessary to maintain an improved endothelial function and protected endothelial phenotype. These data add strong support to the American College of Cardiology/American Heart Association recommendation of 40 min of physical activity 3 to 4 days/wk (16) to reduce cardiovascular risk. Therefore, endothelial phenotype appears to be dynamically regulated and is sensitive to levels of physical activity.
Recent Advances in Understanding Differential Endothelial Vulnerability
The mechanisms underlying endothelial cell heterogeneity have been a topic of significant focus for several decades. Indeed, recommendations by a National Heart, Lung, and Blood Institute workshop discussing areas needing further exploration focused largely on issues related to better understanding the origins of endothelial heterogeneity in vivo and "the contribution of endothelial cell phenotypes to . . . the susceptibility to site-specific disease" (51) . Advances in the understanding of vascular development, discrete local hemodynamics, and molecular technologies (i.e., microarrays) since that time have yielded a broad picture of the regulation of endothelial phenotype beyond hemodynamics-related posttranslational modification of endothelial proteins (Fig. 4) . A similar convergence of techniques has been exploited to explore the focal nature of atherogenesis (12, 14) . In regard to endothelial phenotype, these areas have converged most recently with evidence of flow-mediated regulation of the endothelial epigenome via DNA methylation [see review (13) ] in addition to flow-sensitive endothelial microRNAs [see review (33) ]. Furthermore, while still unclear but heavily investigated, differences in the developmental origin of tissue-specific endothelial cells are likely an important contributor to endothelial heterogeneity (15, 22) . Thus, while we believe that available evidence confirms a primary role for local hemodynamics in modulating endothelial phenotype and susceptibility to dysfunction, these important contributory factors likely modify endothelial function and phenotype and therefore warrant further investigation in health and disease.
Many studies have explored the mechanism(s) underlying the beneficial effects of physical activity and local hemodynamics on vascular function using cellular and molecular techniques (36, 37) . While these techniques have garnered useful data, the zoomed-in view they provide is limited particularly when dealing with robust physiological stressors such as obesity and activity/exercise. With regard to the fundamental differences observed between the SFA and GFA, next-generation RNA sequencing was recently employed in the OLETF rat model to acquire a zoomed-out view of the transcriptomic signatures of these vessels in health, obesity, and following exercise training (28, 43) .
Transcriptomic analysis of SFA and GFA from lean LETO rats revealed fundamental differences in gene expression that may be representative of either developmental differences or the local hemodynamic environments of each vessel (28) . Examination of the impact of obesity on gene expression of these important vessels revealed that, overall, the GFA exhibits a relatively greater prooxidant, dysfunctional gene expression profile than the SFA despite the SFA exhibiting a greater number of differentially expressed genes (415 genes) than the GFA (240 genes) compared with the same vessel from LETO Fig. 3 . Endothelium-dependent vasodilation to acetylcholine in isolated, pressurized GFAs, second-order arterioles from the fast-twitch red portion of the gastrocnemius (G2A-Red), and second-order arterioles from the fast-twitch white portion of the gastrocnemius (G2A-White) from sedentary (SED), endurance exercise trained (EndEx), and interval sprint trained (IST) obese OLETF rats. Adapted from Martin et al. (40) . controls (28) . Several gene pathways characteristic of a dysfunctional vascular phenotype were differentially expressed in the SFA; however, lending support to the concept that local hemodynamics act to protect this vessel from dysfunction despite external insult of systemic risk factors in this model of obesity. Increased transcriptional plasticity was also observed in the SFA in response to exercise training in that the number of genes differentially expressed following endurance and interval sprint training was greater in the SFA compared with the GFA in obese rats (43) . Given previous evidence that the SFA experiences a relatively lower increase in blood flow than the GFA during exercise (35) , these data suggest an important dissociation between local hemodynamics and global vascular gene expression. Together, these data support a role for fundamental differences in gene expression between the SFA and GFA likely due, in part, to local hemodynamics as an underlying contributor to the differential vulnerability to dysfunction. Exercise-induced transcriptomic changes and associated changes in vessel function, however, appear to involve signals beyond local hemodynamics likely residing in the nexus of vascular development and genomics that warrant further examination.
Functional Consequence of Differential Endothelial Vulnerability in Obesity
Humans and animals with obesity exhibit impaired skeletal muscle perfusion with an associated limitation of exercise capacity (1, 4 -6, 17, 29, 31, 61, 63) . Whether differential vascular dysfunction in skeletal muscle plays a role in this limitation of perfusion and performance in obesity remains unclear. This is a particularly difficult issue to resolve in humans given the mixed fiber type makeup of human muscle resulting in pronounced blood flow heterogeneity within the muscle as a function of the differing oxygen demands of fiber types and their recruitment patterns (32) . Recent evidence in humans demonstrates impaired exercise hyperemia and oxygen consumption rate in both the soleus and gastrocnemius muscle in patients with diabetes using noncontrast magnetic resonance imaging (63) . In addition, reduced soleus blood flow, assessed by positron emission tomography, was recently reported in fasted patients with type 2 diabetes (23) . In light of these data collected in long-term diabetes, it may be that the concept of differential vascular vulnerability in skeletal muscle represents an early event in the progression of diabetes-associated vascular disease. These findings may also result from inherent differences between human and rodent muscle composition and recruitment patterns. Preclinical animal models allow for closer examination of early events in disease pathogenesis, offering useful insight into the etiology of obesity/diabetesrelated vascular dysfunction, thus allowing speculation as to how these events may transpire in the progression of human disease.
Available evidence demonstrates that skeletal muscle blood flow heterogeneity is increased in obesity and that this may result from differential vascular dysfunction within the skeletal muscle microcirculation, ultimately resulting in impaired muscle function. In healthy human subjects, blood flow heterogeneity within the quadriceps femoris muscle is reduced during exercise (34) . We posit that the reduced flow heterogeneity during exercise results, in part, from recruitment of fast-twitch fibers, resulting in more homogenous flow to slow-and fast-twitch fibers alike in mixed fiber-type muscle. Resting perfusion heterogeneity in human muscle is consistent with longitudinal differences in perfusion distribution reported throughout the cremaster muscle microcirculation of the lean Zucker rat (21) . No study, to date, has examined the impact of obesity or diabetes on perfusion heterogeneity in human muscle; however, elegant studies in the ZO rat have revealed increased perfusion heterogeneity in the cremaster and gastrocnemius muscle (21) . The fiber- Fig. 5 . Schematic representation of the effect of obesity and associated risk factors to induce endothelial dysfunction of vessels perfusing fast, but not slow, twitch muscle fibers, thereby leading to increased blood flow heterogeneity in mixed fiber-type muscle (predominant in humans) with subsequent impairment of muscle function and exercise tolerance.
type makeup of these muscles in the rat includes a large percentage of fast-twitch fibers (3, 46) that, based on the concept covered in this review, demonstrate an increased likelihood of endothelial dysfunction with subsequent impairment of flow control to these fibers when recruited (i.e., perfusion heterogeneity). In the ZO rat, the increase in perfusion heterogeneity and associated alteration in capillary flow distribution (60) is a primary contributor to perfusion-demand mismatching, resulting in impaired skeletal muscle functional hyperemia (62) , attenuated muscle oxygen uptake, and reduced muscle force output (Fig. 5) (18) . Unlike muscle in healthy humans, cremaster blood flow heterogeneity in the ZO rat is not reduced and remains elevated during increased metabolic demand (i.e., muscle contraction) (19) . Importantly, pharmacological interventions to improve endothelial function, namely, antioxidant treatment or prostaglandin/thromboxane receptor antagonism, are able to reduce perfusion heterogeneity during cremaster muscle contraction (19) . The acute improvement of endothelial function with these treatments did not reduce heterogeneity at rest. These data suggest an important role for endothelium-dependent flow regulation as a mediator of high-resolution flow distribution within skeletal muscle during muscle contraction (19) . Overall, these studies suggest that in mixed muscle, endothelial dysfunction of vessels perfusing fast-twitch fibers may contribute to increased flow heterogeneity and an impairment in flow recruitment to these fibers during contraction, thereby maintaining increased flow heterogeneity, attenuating oxygen delivery to fast-twitch fibers, and compromising muscle function. This concept requires further preclinical and clinical evaluation particularly with regard to the relationship between flow heterogeneity and fiber-type recruitment in health and disease.
The concept on which this review is focused goes one step further in suggesting that recruitment of fast-twitch fibers during exercise/physical activity is able to reduce the likelihood of endothelial dysfunction in vessels perfusing these fibers. Consistent with this hypothesis, in the ZO rat, exercise training improved functional vasodilation in response to contraction in the spinotrapezius and cremaster muscles (48) . Further examination revealed that this improvement involved reduced endothelium-dependent vasoconstriction (i.e., prostaglandin/thromboxane), indicating improved endothelial function (48) . Lastly, exercise training also improved contractioninduced increases in gastrocnemius blood flow in the ZO rat involving increased NO bioavailability (20) . Taken together, these data provide robust evidence for a role of fiber-type recruitment patterns as a contributor to differential endothelial vulnerability to dysfunction ultimately leading to impaired skeletal muscle hyperemia and perfusion-demand mismatching in obesity and diabetes. Future studies are needed both in obese humans, using high resolution technologies like positron emission tomography imaging, and in preclinical animal models to more carefully tease apart the mechanistic intricacies of this issue. In particular, these studies should extend as far as review of the exercise paradigms prescribed to obese patients to ensure that adequate exercise intensity is recommended to facilitate recruitment of those fiber types most predisposed to endothelial and vascular dysfunction.
Conclusions
Heterogeneity of endothelial cell phenotype throughout the vasculature, including conduit arteries and arterioles, is clearly established in the literature. Available evidence supports an important, perhaps even a primary, role of local hemodynamics in dictating basal endothelial phenotype. Indeed, beyond important developmental differences among vasculatures, an emerging understanding of endothelial phenotypic modulation converges largely on hemodynamic forces as primary underlying stimuli. In skeletal muscle, available evidence suggests that local hemodynamics dictate differential endothelial phenotypes in vessels perfusing slow-twitch versus fast-twitch muscle fibers related to the unique recruitment patterns of these fiber types. In the context of obesity, arteries to soleus muscle display a marked resistance to development of endothelial dysfunction compared with arteries perfusing the gastrocnemius muscle. The resultant nonuniform development of endothelial dysfunction seems to be a likely candidate underlying increased skeletal muscle blood flow heterogeneity, impaired perfusion-demand matching, and exercise intolerance, particularly in mixed fiber-type muscle.
Overall, as highlighted over a decade ago by a National Heart, Lung, and Blood Institute work group (51), continued study into the origins of endothelial cell heterogeneity is critical for a better understanding of basic endothelial biology but also as a basis for the differential and focal impact of disease states on endothelial function and vascular disease. The application of emerging technologies to these questions holds great promise in discriminating vascular bed-specific differences in endothelial phenotype and the impact of disease. Indeed, our data reveal a dramatic difference in transcriptomic plasticity (i.e., larger number of differentially expressed transcripts) in endothelium exhibiting reduced vulnerability to dysfunction in obesity. Whether this represents inherent differences in cellular biology, the impact of local hemodynamics, or both is a multifaceted question requiring a multifaceted experimental approach. For application to clinical practice, future studies are necessary to elucidate appropriate exercise modalities designed to exploit muscle recruitment patterns that will benefit vulnerable endothelium and whether this improves muscle blood flow heterogeneity, perfusion, and exercise tolerance. 
